Introduction
Luminescent d 10 compounds [1, 2] have received increasing attention over the past decade because of their interesting photophysical and photochemical properties, their possible applications in OLED display technology [3, 4] , as dopant emitters [5 -9] and in sensor development for luminescence-based detection of volatile organic compounds (VOCs) [10 -14] . For such applications, polynuclear d 10 complexes that exhibit intense, long-living luminescence in the solid state at ambient temperatures with emission energies spanning the visible spectrum appear particularly attractive [1, 2] . In many of these compounds the interesting luminescent properties are enhanced in the presence of the metallophilic interactions [15, 16] , and this is particularly true for gold complexes but also to a lesser extend for the silver and copper derivatives.
Bridging ligands play a key role in the formation and properties of polynuclear d 10 complexes by helping to facilitate intramolecular metallophilic interactions. One notable ligand in this regard is 2-pyridyldiphenylphosphine (PPh 2 py) [17, 18] . This 0932-0776 / 09 / 1100-1525 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com unsymmetrical ligand, which forms a rigid bridge between two metal ions, was first used by Balch and coworkers for comparison with the symmetrical bridging ligand bis(diphenylphosphino)methane (dppm) and for the construction of heterobimetallic systems [19] . A similar ligand, which has been less explored in coordination chemistry, is the bis(2-pyridyl)phenylphosphine (PPhpy 2 ) which has an additional pyridine ring and thus can act as tridentate ligand.
Specific examples with two bridging ligands in group 11 metal complexes include the dimeric Au(I) complex [Au 2 (µ-PMe 2 py) 2 ](BF 4 ) 2 with a remarkably short gold-gold distance [20] , the dimeric Cu(I) complexes [Cu 2 (NCMe) 2 (µ-PPh 2 py) 2 ](PF 6 ) 2 and [Cu 2 (NCMe)(µ-PPh 2 py) 3 ](BF 4 ) 2 , [21] , and the silver complexes [Ag 2 [27] , and palladium-copper [28] derivatives have been described.
Here we report on the synthesis of silver(I) and copper(I) complexes with the PPh 2 py and PPhpy 2 ligands. Depending on the molar ratio, several coordination types have been achieved, and in the dinuclear derivatives metallophilic bonding has been observed only for silver complexes. The luminescence behavior of these complexes has been studied. Regardless of the metal different emissions have been observed depending on the phosphine ligand. A mixed intraligand and LMCT (pyridine-to-metal) transitions are possible as the origin of these emissions.
Results and Discussion
We studied the reactions of silver trifluoromethanesulfonate with the 2-pyridyldiphenylphosphine ligand in several molar ratios in order to investigate the structures of these complexes and their luminescence properties. The reaction of Ag(OTf) with one equivalent of PPh 2 py in acetone leads to the dinuclear derivative [Ag 2 (OTf) 2 (µ-PPh 2 py) 2 ] (1) (see Scheme 1). The 31 P{ 1 H} NMR spectrum of 1 presents a broad temperature-dependent resonance, which is indicative of ligand exchange processes involving dissociation of the Ag-P bonds. At −90 • C a spectrum with 6 symmetric lines centered at 22.83 ppm occurs that is in agree- ment with bridging PPh 2 py ligands; it corresponds to an AB system for the phosphorus atoms coupled to both silver nuclei with different coupling constants. Simulation of the spectrum agrees with the proposal.
The crystal structure determination of complex 1 shows the presence of a dinuclear bridging P,N unit forming an eight-membered ring where the silver atoms are also bonded to one oxygen atom of the triflate ligand. The molecule is shown in Fig. 1 , and a selection of bond lengths and angles is given in Table 1 . One of the silver atoms, Ag1, is also bonded to one oxygen atom of another triflate, O5, at a distance of 2.582(2)Å. The bridging nature of these triflate ligands leads to the formation of a one-dimensional zig-zag polymer (Fig. 2) [29] , with a P,S ligand, [Ag 2 (NO 3 ) 2 {µ-PPh 2 (Bzim)} 2 ] (3.970Å) [30] , with a P,N ligand, and [Ag 2 (µ-PP) 2 ] 2+ (2.890 -3.095Å) (PP = diphosphine) in which the existence of argentophilic interactions was suggested based on spectroscopic evidence [31] . The geometry around the silver centers in 1 is very irregular. In both cases the angles NAg-P are very distorted from a linear geometry with angles N2-Ag1-P1 of 156.61(7) and N1-Ag2-P2 of 160.92 (7) • . Consequently the other angles are also irregular, but Ag2 can be considered to be in a tetrahedral environment, whereas the geometry around Ag1 Table 2 . Selected bond lengths (Å) and angles (deg) for complex 5. (bonded to two triflate ligands) can be regarded as trigonal pyramidal. The Ag-P and Ag-N distances are 2.3707(9), 2.3816(9)Å and 2.259(3), 2.220(3)Å, respectively, and are in the same range as those found in the [Ag 2 (NO 3 ) 2 {µ-PPh 2 (Bzim)} 2 ] [30] , which also contains a P,N bridging ligand. The Ag-O distances are very different, with 2.433(2)Å for the terminal triflate ligand and 2.582(2) and 2.570(2)Å for the bridging triflate.
The reaction of Ag(OTf) and PPh 2 py in a molar ratio of 1:2 gives a complex of stoichiometry [Ag(PPh 2 py) 2 ]OTf (2). There are several possible modes of coordination of two phosphine ligands to the silver center: the complex can be mononuclear with two chelate pyridyl-phosphine ligands, dinuclear with two P,N-bridging ligands and one terminal P-ligand bonded to each silver center, or dinuclear with two bridging P,N-and two chelating P,N-ligands. Consequently, although the analytical data correspond to the Scheme 2. proposed stoichiometry, the NMR data at low temperature show the presence of several complexes that may corresponds to all the possible isomers.
Complexes [Ag(PPh 2 py) 3 ]OTf (3) and [Ag 2 -(PPh 2 py) 3 ](OTf) 2 (4) have also been prepared by treatment of AgOTf with the phosphine in molar ratios of 1:3 and 2:3. The proposed structures correspond to a trigonal-planar geometry for complex 3 and a dinuclear compound with bridging P,N ligands and a terminal phosphine ligand for complex 4, similar to the structure obtained for the perchlorate salt (Scheme 1). The NMR data also agree with those of the perchlorate salt [22c]. During crystallization of compound 4 crystals of the oxidized product [Ag 2 (µ-PPh 2 py) 2 (OPPh 2 py)](OTf) 2 (5) were obtained. Its molecular structure is shown in Fig. 3 , and a selection of bond lengths and angles are given in Table 2 . The complex consists of a dinuclear unit with two bridging P,N ligands in which one of the silver atoms is bonded to a chelating N,O-ligand and the other one to the oxygen atoms of the triflate unit. There is a short Ag···Ag distance of 3.023(3)Å which is similar to that found in complex 1. The geometry around the silver center Ag2 is strongly distorted tetrahedral with an angle P2-Ag2-N2 of 132.43 (5) • , and Ag1 shows a very irregular trigonal-planar geometry with a wide N1-Ag1-P1 angle of 160.80 (6) • . Ag1 displays a long intermolecular contact of 2.689Å to one oxygen atom of the triflate ligand leading to dimeric units, as shown in Fig. 4 . The Ag-N and Ag-P distances are also very similar to those in compound 1. The reactivity of the bis(2-pyridyl)phenylphosphine ligand towards silver(I) and copper(I) has also been studied. Treatment of PPhpy 2 with Ag(OTf) leads to the formation of the dinuclear species [Ag 2 (OTf) 2 (µ-PPh 2 py) 2 ] (6) independently from the molar ratios used (1:1 or 2:1, see Scheme 2). The 1 H NMR spectrum shows the resonances of the pyridine and phenyl rings of the phosphines, and the 31 P{ 1 H} NMR spectrum displays a broad resonance at 22.0 ppm that splits into two broad doublets at low temperature. The ((+)-LSI) mass spectrum shows the cation molecular peak at m/z = 893 ([Ag 2 (OTf)(PPhpy 2 ) 4 ] + , 15 %), and the most intense peak appears at m/z = 371 ([Ag(PPhpy 2 )] + , 100 %).
The structure of complex 6 has been established by X-ray diffraction, and the molecule is shown in Fig. 5 . A selection of bond lengths and angles is collected in Table 3 . Selected bond lengths (Å) and angles (deg) for complex 6 a . Ag(1) Table 3 . The complex crystallizes as a dimer with a short Ag(I)···Ag(I) contact of 3.1953(9)Å, slightly longer than that of the corresponding PPh 2 py derivative. Contrary to the situation in complex 1 the triflate units in 6 are acting as monodentate ligands, and the geometry for both silver(I) atoms is distorted tetrahedral (not taking into account the argentophilic interaction) with a narrow N-Ag-N angle of 82.53 (15) • and a very regular P-Ag-O angle of 109.49 (16) • . The Ag-N distances are 2.339(4) and 2.352(5)Å, and the Ag-P bond length is 2.3727(16)Å which is in same range as those found in the acetonitrile derivative [Ag 2 (NCMe) 2 (µ-PPhpy 2 ) 2 ](ClO 4 ) 2 [25] .
The corresponding reactions of bis(2-pyridyl)phenylphosphine with [Cu(NCMe) 4 ]PF 6 , in a 1:1 or 2:1 molar ratio, lead to two different compounds, namely [Cu 2 (NCMe) 2 (µ-PPhpy 2 ) 2 ](PF 6 ) 2 (7) and [Cu 2 (PPhpy 2 ) 2 (µ-PPhpy 2 ) 2 ](PF 6 ) 2 (8) (Scheme 2). The 31 P{ 1 H} NMR spectra show a singlet for complex 7 at −6.36 ppm, indicating the equivalence of the phosphorus atoms, whereas for compound 8 a very broad resonance is observed at 3.2 ppm even at low temperature, probably arising from a rapid exchange be- Tables 4 and 5 . The structure of complex 7 is similar to that recently communicated with the perchlorate anion [27] and consists of two copper atoms bridged by two PPhpy 2 ligands and additionally bonded to an acetonitrile molecule. The coordination around the copper atoms is distorted tetrahedral, and the distance Cu···Cu is 3.5303(10)Å, which can be considered as a weak copper-copper bonding interaction. The structure of complex 8 is similar, but now the acetonitrile positions are occupied by a terminal phosphine ligand bonded via the phosphorus atoms. The Au-N distances are very similar, 2.043(3) and 2.064(3)Å, whereas the Ag-P bond lengths are slightly different, 2.2385(14) and 2.2485(11)Å, the shortest corresponding to the bridging phosphine ligand.
Luminescence studies
The diffuse reflectance ultraviolet visible spectra (DRUV) were recorded for all the complexes. The spectra of 3, 4, 6 -8 consist of one band with maxima between 220 and 260 nm, depending on the complex, and one or two additional bands in the 300 -450 nm region (Table 6 ). Absorptions at higher energies than 310 nm are not observed in 1 and 2.
All the complexes are emissive in the solid state, both at r. t. and at 77 K. They display one or two emissions (Table 6 ) in the range from 436 to 568 nm. Lifetimes measured at r. t. are in the microsecond range, which points to a phosphorescence nature of the emissions. The general trend is that the emission maxima for complexes with the phosphine PPhpy 2 appear at lower energies than those containing PPh 2 py (Fig. 8 illustrates this behavior for complexes 2 and 7), although the metal (copper or silver) is another factor to be taken into account. The emissions observed for complexes 1 -4 (which contain PPh 2 py) resemble in general the energies of the free monophosphine and are probably due to intraligand (IL, PPh 2 py) [32] transitions modified through the coordination to silver. Furthermore compounds 3 and 4 display two bands at 77 K. Thus, a contribution of pyridine-to-silver charge-transfer transitions to the emissive behavior of this complex can be postulated. [25] . Pyridine-to-ligand charge transfer transitions (LMCT, py → Cu or Ag) could be responsible for this luminescence, however, since a similar red shift when going from silver to copper has been described for acetylide complexes [33] , although the emission of [Ag 2 (OTf) 2 (µ-PPhpy 2 ) 2 ] (6) does not follow this pattern. Two bands are observed for 6 and 8 at 77 K indicating that the situation may be more complicated. Thus, the origin of the emissions probably is mixed IL and LMCT (py → Cu or Ag), but predominantly LMCT.
Conclusions
Silver(I) complexes with the ligand 2-pyridyldiphenylphosphine have been synthesized and present several modes of coordination of the pyridylphosphine. The oxidation of [Ag 2 (PPh 2 py) 3 ](OTf) 2 (4) gave [Ag 2 (OTf)(µ-PPh 2 py) 2 (OPPh 2 py)]OTf, which has been structurally characterized. The silver(I) and copper(I) complexes with the bis(2-pyridyl)phenylphosphine ligand are dinuclear species with a tridentate P,N,N phosphine and an equatorial ligand that can be triflate for silver and acetonitrile or another phosphine ligand for copper. Metallophilic interactions are only present for the silver derivatives. The complexes are emissive in the solid state, both at 298 and 77 K. The emission maxima appear at lower energies for complexes with the PPhpy 2 ligand. The origin of the emission is postulated as mixed IL (monophosphine) and LMCT (py → Cu or Ag), although IL transitions probably dominate in complexes containing PPh 2 py, and LMCT are postulated as more important for the luminescence of the compounds containing PPhpy 2 .
Experimental Section

General procedure
Infrared spectra were recorded in the range of 4000 -200 cm −1 on a Perkin-Elmer 883 spectrophotometer using Nujol mulls between polyethylene sheets. C, H, N and S analyses were carried out with a Perkin-Elmer 2400 microanalyzer. Mass spectra were recorded on a VG Autospec instrument, with the liquid secondary-ion mass spectrometry (MS ((+)-LSI)) technique, using nitrobenzyl alcohol as matrix. NMR spectra were recorded on Varian Unity 300 and Bruker ARX 300 spectrometers in CDCl 3 . Chemical shifts are cited relative to SiMe 4 ( 1 H, external), 85 % H 3 PO 4 ( 31 P, external), or CFCl 3 ( 19 F, external). The starting materials PPhpy 2 [34] and [Cu(NCMe) 4 ]PF 6 [35] were prepared by published procedures. Other compounds were commercially available. DRUV spectra were recorded with a UnicamUV-4 spectrophotometer equipped with a Spectralon RSA-UC-40 Labsphere integrating sphere. The solid samples were mixed with dried KBr and placed in a home-made cell equipped with a quartz window. The intensities were recorded in Kubelka-Munk units. Steady-state photoluminescence spectra were recorded with a Jobin-Yvon Horiba Fluorolog FL-3-11 spectrometer using band pathways of 3 nm for both excitation and emission. Phosphorescence lifetimes were recorded with a Fluoromax phosphorimeter accessory containing a UV xenon flash tube at a flash rate between 0.05 and 25 Hz. The lifetime data were fit using the Jobin-Yvon software package DATAMAX 2. 
Preparations Synthesis of [Ag 2 (OTf) 2 (µ-PPh 2 py) 2 ] (1)
To a solution of Ag(OTf) (0.026 g, 0.1 mmol) in 20 mL of acetone was added PPh 2 py (0.026 g, 0.1 mmol) and the solution stirred for 30 min. Evaporation of the solvent to ca. 2 mL Table 7 . Crystal structure data for complexes 1, 5, 6, 7, and 8. To a solution of Ag(OTf) (0.025 g, 0.1 mmol) in 20 mL of acetone was added PPhpy 2 (0.026 g, 0.1 mmol), and the mixture was stirred for 30 min. Evaporation of the solvent to ca. 5 mL and addition of n-hexane gave com-plex 6 as a white solid (0.09 g, 87 %). Calcd. (found) for C 34 
X-Ray structure determination
Data were measured using MoK α radiation (λ = 0.71073Å) on a Bruker SMART 1000 CCD (1, 5) or a Xcalibur Oxford Diffraction diffractometer (6, 7, 8) . Absorption corrections were based on multiple scans (program SAD-ABS [38] ). The structures were solved by Direct Methods, and refined by full-matrix least-squares on F 2 (SHELXL-97 [39] ). All non-hydrogen atoms were refined anisotropically. H atoms were included using a riding model. Further details are given in Table 7 .
CCDC 749320 -749324 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
